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ABSTRACT
Rotational excitation rates for sulfur dioxide in collisions with He atoms at
temperatures from 25 - 125 K, obtained from theoretical calculations by Palma (1987),

have been reanalyzed in terms of corrected asymmetric top rotational wavefunctions.



In a paper with the same title, Palma (1987) presented theoretical values for rates
of rotational excitation of sulfur dioxide, SOz, in collisions with He atoms. These rates
are needed to analyze observations of this molecule in the interstellar gas.
Unfortunately, the asymmetric top rotational levels between which Palma (1987) reported
collision rates do not correspond with the subset of rotational levels which are allowed
by nuclear spin statistics for the identical oxygen nuclei. The present work reanalyzes
the earlier work to obtain collision rates among the appropriate rotational levels. It
appears, as discussed below, that the only error in the earlier study was the final step,
which involves combining the asymmetric top rotor wavefunctions with the "generalized
infinite order sudden (IOS)" rates to obtain state-to-state rates among the asymmetric top
levels. Therefore, the earlier work will be reviewed only briefly.

The interaction potential between 502 and a He atom was obtained within an
approximate electron gas formalism (Gordon & Kim 1972). This method provides a
reasonable approximation to more exact quantum methods with a fraction of the
computational expense. In particular, it gives a reasonable estimate for the shape of the
short-range potential which dominates rotational excitation in this system at collision
energies of more than about 50 K. The molecular scattering calculations used the IOS
approximation in which state-to-state rates are obtained from "generalized IOS rates",
Q(L,Ml,Mz). These are obtained from an expansion of the angle dependence of the
collisional S-matrices in terms of spherical harmonics. Calculations were done with an
early version of the MOLSCAT computer code (Hutson & Green 1994). In 1986 a
program error was inadvertently introduced into the routine which computes associated
Legendre polynomials in MOLSCAT, version 9, and which is used to evaluate the
spherical harmonics, and this was not discovered and corrected until 1993 in MOLSCAT,
version 11. Fortunately, the calculations in Palma (1987) were performed before this
error occurred. The other programs used for obtaining the interaction potential and

obtaining a fit to this potential in terms of spherical harmonics have been used routinely



in this laboratory for many years and are believed to be correct. It is therefore
believed that the generalized IOS rates presented in Table 2 of Palma (1987) are
correct.

The asymmetric top rotor wavefunctions, on the other hand, do not correspond to
the allowed rotational levels in this system. It is important for the scattering calculation
to expand these wavefunctions in terms of symmetric top wavefunctions evaluated in the
same coordinate system used to describe the interaction potential; the resulting moments
of inertia, Ix’ Iy’ and IZ are not necessarily in the ascending order conventionally used
by spectroscopists (see, e.g., Green 1976). Using the molecular geometry for 802
reported by Palma (1987) the rotation constants about the x, y, and z axes are
calculated to be 0.295, 1.99, and 0.347 cm_l, respectively, which can be compared with
the values 0.293535, 2.02736, and 0.34417 cm_1 tabulated by Herzberg (1966). The
symmetry axis (z-axis) corresponds, in standard spectroscopic notation, to the b-axis, for
which case nuclear spin statistics for the identical oxygen nuclei allow only J(K—l’Kl)
asymmetric top levels with (K—I’KI) either ee or oo, where e/o indicates even/odd
integer values. Asymmetric top wavefunctions for this case are also restricted to
expansions in symmetric top functions with even k, where k is the projection of the
rotational momentum on the symmetry axis, as noted correctly by Palma (1987). It is
possible that Palma (1987) mistakenly adopted symmetry restrictions from the very
similar SiC2 molecule for which Palma & Green (1987) had previously presented
collision rates. For SiCz, however, the symmetry axis is along the spectroscopic a-axis,
in which case the restrictions on allowed wavefunctions are K | even and k even.

Using the rotation constants from Herzberg (1966), asymmetric top functions
expanded in symmetric top wavefunctions in the axis system corresponding to the
collision coordinates were computed by diagonalizing the rigid rotor Hamiltonian. The

asymmetric top wavefunctions are written explicitly as



. o 1
K K m> = E@O a (40 ) (km> + KK, U-km> ),

where J is the is the total rotor angular momentum, m its projection on a space-fixed
axis, k its projection on the (principal moment of inertia) molecule-fixed axis, 6i,j iIs a
Kronecker delta function equal to one for i=j and to zero otherwise, and |J.k,m> are
symmetric top wavefunctions. Values of . and ¢ required to specify each of the
lowest 50 rotational levels are reported in Table 1.

Using these rotational wavefunctions and the Q(L,Ml,Mz) reported by Palma
(1987) collision rates were recomputed. Because the IOS approximation ignores
rotational energy spacings compared with the collision energy, IOS rates for downward
transitions are not related by detailed balance to rates for corresponding upward
transitions as is required for the correct values. It is currently believed that the 10S
approximation is more accurate for computing the downward rates (DePristo et al. 1979)
and only these are reported; the upward rates can be calculated from detailed balance.
Rates between the lowest 10 levels are reported in Table 2, ordered by energy of the
initial level, and, for each initial level, on the energy of the final level, for final levels

of lower energy than the initial level. = Values between all 50 levels may be obtained

from the author. 1

I Files of the energy levels and rate constants are available via anonymous ftp from
molscat.giss.nasa.gov in directory pub/astrophysics. The file names are so2_levels and
so2_rates, respectively. These and other collision rate constants may also be obtained
via the World Wide Web by connecting to URL "http://molscat.giss.nasa.gov/rates/". S.

Green may be reached by electronic mail at agxsg@nasagiss.giss.nasa.gov.

For a transition between levels with rotational quantum numbers j1 and j2, Q(L’MI’MZ)

are required with L < j, +j, and M, ,M, < L. Not all of the required Q(L,M,,M,)
q 172 12 12



were available from Palma (1987) for some of the higher levels, but contributions from
the missing values with high indices are generally small and are not expected to affect
reported rates significantly. The discussion of expected accuracy of the resulting
collision rates which was given by Palma (1987) is believed to be correct and applies to

the present values as well.

I thank Dr. Barry Turner for bringing this problem to my attention, for several
helpful discussions concerning the molecular spectroscopy of sulfur dioxide, for useful
comments on the manuscript, and especially for providing the previously published 10S
generalized rate constants in machine readable form. I also thank Dr. Amedeo Palma
for providing some of the program files used in his study. This work was supported in
part by NASA Headquarters, Office of Space Science and Applications, Astrophysics

Division, Infrared and Radio Astrophysics Program.
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Table 2. State-to-state collision rates®

J(K—I’KI) Temperature, kelvin
initial final 25.0 50.0 75.0 100.0 125.0
2(0,2) - 0CO0, 0) 8.37D-12 1.08D-11 1.17D-11 1.23D-11 1.26D-11
I¢1,1) - 0C0, 0) 2.8D-12 4.97D-12 6.37D-12 7.33D-12 8.07D-12
I¢1, 1) - 200, 2) 4.26D-12 6.09D-12 7.15D-12 7.87D-12 §8.44D-12
201, 1) - 0C0, 0) 0.00D+00 0.00D+00 0.00D+00 0.00D+00 0.00D+00
21, 1) - 2(0, 2) 5.62D-12 9.10D-12 1.13D-11 1.29D-11 1.41D-11
21, 1) - 11, 1) 1.59D-11 2.03D-11 2.22D-11 2.34D-11 2.42D-11
3(1,3)- 000, 0) 1.37D-12 1.73D-12 1.89D-12 2.00D-12 2.09D-12
3¢(1,3) - 20, 2) 5.21D-12 8.80D-12 1.10D-11 1.25D-11 1.36D-11
3(1,3) - 11, 1) 6.67D-12 8.91D-12 9.82D-12 1.03D-11 1.07D-11
3¢(1,3) - 21, 1) 6.21D-12 9.45D-12 1.11D-11 1.20D-11 1.27D-11
4( 0, 4) - 0(0, 0) 1.03D-12 1.86D-12 2.30D-12 2.59D-12 2.78D-12
4( 0, 4) - 2(0, 2) 1.35D-11 1.87D-11 2.10D-11 2.25D-11 2.35D-11
4( 0, 4) - 1(1, 1) 1.61D-12 2.53D-12 3.06D-12 3.40D-12 3.63D-12
4( 0, 4) - 2(1, 1) 2.94D-12 4.29D-12 5.03D-12 5.51D-12 5.85D-12
4( 0, 4) - 3(1, 3) 2.57D-12 4.95D-12 6.64D-12 7.84D-12 8.72D-12
41, 3) - 0C0, 0) 0.00D+00 0.00D+00 0.00D+00 0.00D+00 0.00D+00
41, 3) - 2(0, 2) 8.41D-13 1.23D-12 1.44D-12 1.58D-12 1.67D-12
41, 3) - 1(1, 1) 2.78D-12 4.89D-12 5.98D-12 6.64D-12 7.05D-12
41, 3) - 2(1, 1) 1.17D-11 1.56D-11 1.75D-11 1.87D-11 1.95D-11
41, 3) - 3(1, 3) 7.75D-12 1.13D-11 1.33D-11 1.47D-11 1.56D-11
41, 3) - 4(0,4) 6.66D-12 1.11D-11 1.39D-11 1.59D-11 1.73D-11
2(2,0) - 00, 0) 1.17D-12 2.02D-12 2.68D-12 3.17D-12 3.55D-12
2(2,0) - 200, 2) 1.79D-12 3.17D-12 4.18D-12 4.91D-12 5.47D-12



2(2,0) - 1(1,1) 3.12D-12 5.43D-12 7.09D-12 8.33D-12 9.31D-12
2(2,0) - 2(1, 1) 2.27D-12 3.99D-12 5.23D-12 6.13D-12 6.85D-12
2(2,0) - 3(1,3) 2.92D-12 3.95D-12 4.56D-12 5.02D-12 5.40D-12
2(2,0) - 4(0,4) 8.27D-13 1.40D-12 1.72D-12 1.93D-12 2.07D-12
2(2,0) - 4(1,3) 2.67D-12 4.02D-12 4.80D-12 5.31D-12 5.68D-12
3(2,2) - 0(0,0) 0.00D+00 0.00D+00 0.00D+00 0.00D+00 0.00D+00
3(2,2) - 2(0,2) 2.51D-12 4.29D-12 5.57D-12 6.51D-12 7.22D-12
3(2,2) - 1(1,1) 6.94D-13 1.03D-12 1.25D-12 1.42D-12 1.56D-12
3(2,2) - 2(1,1) 3.8D-12 6.09D-12 7.59D-12 8.69D-12 9.56D-12
3(2,2) - 3(1,3) 2.78D-12 5.18D-12 6.86D-12 8.05D-12 8.96D-12
3(2,2) - 4(0,4) 1.25D-12 2.36D-12 3.13D-12 3.69D-12 4.11D-12
3(2,2) - 4(1,3) 2.23D-12 4.06D-12 5.31D-12 6.18D-12 6.83D-12
3(2,2) - 2(2,0) 1.56D-11 2.06D-11 2.26D-11 2.38D-11 2.45D-11

2.20D-12 2.37D-12

2
5(1,5) - 0(0,0) 8.12D-13 1.51D-12 1.93D-12
5(1,5) - 2(0,2) 3.18-12 5.11D-12 6.36D-12 7.22D-12 7.85D-12
5(1,5) - 1(1,1) 6.01D-13 1.10D-12 1.40D-12 1.62D-12 1.79D-12
5(1,5) - 2(1,1) 4.87D-13 1.01D-12 1.40D-12 1.70D-12 1.94D-12

51,5) - 3(C1,3) 1.14D-11 1.57D-11 1.74D-11 1.85D-11 1.91D-11

5(1,5) - 4(0,4) 3.77D-12 6.87D-12 9.15D-12 1.08D-11 1.21D-11

5(1,5) - 4(1,3) 2.55D-12 4.43D-12 5.58D-12 6.36D-12 6.92D-12

5(1,5) - 2(2,0) 8.96D-13 1.66D-12 2.13D-12 2.44D-12 2.65D-12

5(1,5) - 3(2,2) 1.37D-12 1.89D-12 2.22D-12 2.48D-12 2.69D-12
11 31

a. The notation 1.23D-11 indicates 1.23 x 10" ; units are cm™s .



